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A B S T R A C T   

Background: Gastrointestinal illness refers to a broad range of diseases that affect the digestive 
system, including infections caused by bacteria, viruses, and parasites. Quantitative Microbial 
Risk Assessment (QMRA) is a powerful tool used to evaluate the risks associated with microbial 
pathogens in various environments. The main objective of this study was to conduct a quanti-
tative assessment of gastrointestinal illnesses that occur as a result of exposure to E. coli and 
enterococci during recreational activities on the southern coasts of the Caspian Sea. 
Methods: Samples were collected from the recreational beaches along the border line of the 
Caspian Sea. The samples were analyzed for the presence and enumeration of E. coli and 
enterococci using the microplate method and membrane filtration techniques. Then, the annual 
and daily infection risks were computed using the Monte Carlo simulation approach. 
Results: The results revealed that the risk of daily and annual infections on the coasts of Babolsar 
was higher than that on the coasts of Sari. Also, in the recreational waters of these beaches, the 
risk of infection by enterococci was higher than that posed by E. coli. In Babolsar, the average 
annual infection risk caused by E. coli and enterococci was 0.365 and 1 for children and 0.181 and 
0.986 for adults. Also, in Sari, the average annual infection risk caused by E. coli and enterococci 
was 0.060 and 0.908 for children and 0.027 and 0.815 for adults. In addition, children were more 
likely than adults to become infected. 
Conclusion: In light of the study’s findings, due to the entry of untreated urban wastewater into 
the southern part of the Caspian Sea (northern Iran) and the high risk of infectious diseases for 
children, more control and health measures are necessary for children’s swimming.  

* Corresponding author. 
E-mail addresses: hadinik611@gmail.com (H. Niknejad), rafieemohammad909@gmail.com (M. Rafiee).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e29974 
Received 29 December 2023; Received in revised form 9 April 2024; Accepted 18 April 2024   

mailto:hadinik611@gmail.com
mailto:rafieemohammad909@gmail.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e29974
https://doi.org/10.1016/j.heliyon.2024.e29974
https://doi.org/10.1016/j.heliyon.2024.e29974
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e29974

2

1. Introduction 

One of the main issues in public health is fecal pollution of water sources, especially recreational water. The recreational and health 
status of a beach depends on the amount of pollutants and infection sources [1,2]. Eye, ear, skin, and gastrointestinal infections have 
been reported among people who swim on recreational beaches, and in these recreational waters, the sources of pollution, which could 
be point and/or non-point, have not been well identified yet [3–5]. Indeed, several studies have shown that outbreaks of waterborne 
diseases, in particular intestinal viruses and protozoa, are caused by direct contact or unintentional consumption of contaminated 
water [6–9]. Untreated wastewater is frequently dumped into seas or surface water bodies from a variety of sources, including homes, 
hospitals, businesses, and farms. Practice poses a potential fecal-oral transmission route for individuals swimming at beaches. 
Monitoring usually includes measuring two indicator bacteria, intestinal enterococci and Escherichia coli (E. coli), to determine whether 
fecal contamination is present. These microorganisms are trustworthy markers of the degree of fecal pollution in the water [10–12]. 
The Caspian Sea’s coastline waters have been contaminated due to the unsanitary discharge of industrial, household, and agricultural 
waste into the body of water. This pollution poses a threat to the health of tourists and swimmers who come into contact with these 
contaminated waters. Several studies have indicated that microbial and chemical contamination is present in all coastal areas of the 
Mazandaran Province, located along the northern border of Iran [13–15]. In Europe, sanitary inspections regarding fecal contami-
nation of recreational beaches are used to determine if they meet recreational water quality guidelines [16]. Fecal indicator bacteria 
are commonly used to determine microbial water quality standards because method of their detection is simple, inexpensive, and of 
little complexity. The presence of microorganisms such as E. coli, intestinal enterococci, total and fecal coliforms indicates fecal 
contamination of warm-blooded animals. Among these microorganisms, E. coli and intestinal enterococci are special indicators of fecal 
contamination by human wastes [17–19]. The United States Environmental Protection Agency (U.S. EPA) adopts various thresholds 
for enterococci and E. coli depending on the kind of recreational water. Enterococci are utilized for freshwater and ocean, while E. Coli 
is used to signal the health risk in recreational freshwater. According to the criteria announced by the U.S. EPA, the geometric densities 
of enterococci and E. coli for recreational marine and freshwaters are 35 and 126 CFU 100 mL− 1, respectively. The National Envi-
ronmental and Epidemiological Evaluation of Recreational (NEEAR) Water Studies has promulgated the threshold rate range of 
NEEAR-gastrointestinal disease as 32 or 36 people per 1000 bathers [19–21]. Given the high expense of epidemiological in-
vestigations, QMRA is generally worked out to assess public exposure to pathogenic infections and establish a dose-response rela-
tionship. The QMRA method was used to determine the health risks of exposure to E. coli and enterococci during recreational activities 
at those coasts that are affected by sewage effluents [21,22]. In many studies, E. coli and enterococci have been used as indicators of 
marine recreational water safety risk. Bonamano et al. reported the contamination of a local recreational area of an Italian coast and 
presented the distribution data of E. coli in their study. In their report, it was stated that during the summer, there was a significant 
presence of E. coli in the recreational beaches. This occurrence was linked to the overflow originating from wastewater treatment 
facilities, as per their findings [23,24]. Additionally, considering the restrictions on E. coli as an ideal indicator for recreational coast 
water quality, the U.S. EPA recommended the use of enterococci as a safety indicator for marine recreational beaches [21]. Envi-
ronmental health units conduct sampling and monitoring activities to assess the quality of coastal water during the spring and summer 
seasons, which coincide with the peak tourist influx to the area. However, it is unfortunate that there is a lack of comprehensive studies 
focusing on risk assessment in this regard. This gap in knowledge hinders our understanding of the potential risks and health impli-
cations associated with swimming in these waters for the local population. 

The main aims of the research are as follows: 1- To assess the health risk of recreational waters in terms of E. coli and enterococcus 
bacteria in certain coastal cities located in northern Iran along the Caspian Sea border (specifically Babolsar, southwest of the Caspian 
Sea, and Sari, southeast of the Caspian Sea). The southern shores of the Caspian Sea, particularly the swimming beaches of Mazandaran 
province, are susceptible to various types of pollution, with microbial pollution posing a significant risk of illness to swimmers. 2- To 
generate results that can be applied to enhance the development of criteria for recreational water quality and assess the conditions of 
recreational beaches. 

2. Materials and methods 

2.1. Study area 

This study took place within the coastal cities of Babolsar and Sari, located in the northern region of Iran near the southern shores of 
the Caspian Sea. These cities have, respectively, 25 and 20 km of pleasant sandy beaches and are the most famous beach resorts in the 
country. As a result, the entrance of storms and the intentional/unintentional discharge of untreated sewage, as well as the leakage of 
leachate from landfilled or dumped solid waste, result in the pollution of sea water. This in turn not only poses adverse consequences 
for environmental quality and public health but also for the economic status of these recreational areas. 

2.2. Analysis of fecal indicators 

2.2.1. Sample collection 
Sampling was carried out monthly throughout the year and at all sites (8 beach sites in Babolsar and 7 beach sites in Sari). Totally, 

96 samples were taken from the coastal beach of Babolsar. Similarly, 84 samples were obtained from Sari. Samples were taken at a 
depth ranging from 20 to 50 cm beneath the water’s surface. Samples were collected from each beach on a monthly basis over the 
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course of the entire year. 

2.2.2. Sample preparation 
Sterile bottles were used to collect samples. The samples were immediately sent to the laboratory in a cooled, sterile container and 

analyzed within 24 h. Some chemical and physical characteristics of the water, such as pH and temperature, were measured and 
assessed. The average ambient temperature and average water temperature during spring and summer were recorded as ranging from 
25 to 38 ◦C and 16–21 ◦C, respectively. 

2.2.3. Sample analysis 
The standard procedures ISO 7899-1 (1999) and ISO 9308-3 (1998) were used to analyze the intestinal enterococci and E. coli, 

respectively. The microplate method was used to count cell density, which was counted as the most probable number (MPN)/100 mL of 
sample. The formation of gas and/or the development of turbidity were considered to indicate the presence of E. coli. Likewise, the 
membrane filter (MF) technique was used to count enterococci. After a period of 24–48 h, distinct colonies exhibiting a characteristic 
brown to black appearance were counted [25,26]. 

2.3. Quantitative microbial risk assessment (QMRA) 

The risk of infection and its role in pathogenicity through swimming activities in these recreational areas were assessed by focusing 
on the microbiological quality of the water, and the data were analyzed through quantitative microbial risk assessment (Eqs. (1)–(3)). 

DPat =CPath × Ving (1)  

p (inf)= 1-
[

1 +
Dpat

N50

(
21

α – 1
)]− α

(2)  

p(n) = 1-
(
1- pinf

)n (3)  

in Eq. [1], Dpath is the received dose of E. coli or enterococci, Ving is the randomly swallowed volume of water during swimming, and 
Cpath is the concentration of the studied microbial pathogen in water. It has been approximated that children consume approximately 
37 mL of water per swimming event, while adults consume around 16 mL [27]. 

The study took into account individuals under 15 years of age as children and those between 15 and 80 years old as adults. In 
Equation [2], pinf represents the probability of daily infection risk, α is the parametric slope, and N50 is the average dose to cause an 
infection (for E.coli; N50 = 2.55E+06, α = 0.175, and for enterococci; N50 = 5.99E+04, α = 0.16). P(n) is the probability of annual 
infection, and n is the exposure time (day) per year [28–30]. 

2.4. Statistical analysis 

Monte Carlo simulations (MCS) were performed through the probability distribution function. In the field of QMRA, it is customary 
to utilize MCS as a means to effectively depict the variability or uncertainty of parameters. Following the development of the model, 
MCS was performed with Crystal Ball software added to Microsoft Excel software to quantify parameters and analyze the data [31,32]. 
The amount of swallowed water and the concentration of E.coli and enterococci in the water samples obtained from the studied 
recreational beaches were included in the model. 

3. Results 

Using the Beta Poisson model in QMRA, it is possible to compute the probability of infection by utilizing the average levels of E. coli 
and enterococci concentrations mentioned in Eq [2]. 

Table 1 
The risk of daily and annual infection E. coli for children and adults on Babolsar recreational beaches.  

Parameter Child Adult 
aDI bAI DI AI 

Mean 4.41 × 10− 3 3.65 × 10− 1 1.93 × 10− 3 1.81 × 10− 1 

cSD 1.06 × 10− 3 7.05 × 10− 2 4.61 × 10− 4 3.94 × 10− 2 

10 % 3.06 × 10− 3 2.73 × 10− 1 1.33 × 10− 3 1.29 × 10− 1 

30 % 3.87 × 10− 3 3.32 × 10− 1 1.69 × 10− 3 1.61 × 10− 1 

60 % 4.68 × 10− 3 3.86 × 10− 1 2.05 × 10− 3 1.92 × 10− 1 

90 % 5.77 × 10− 3 4.52 × 10− 1 2.52 × 10− 3 2.31 × 10− 1  

a DI: Daily infection. 
b AI: Annual infection. 
c SD: Standard Deviation. 
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The probability of infection was in turn considered to calculate the probability of annual infection using Eq. [3], as summarized in 
Tables 1–4, which demonstrate the possibility of daily and annual infection risk caused by swimming in coastal waters on the studied 
coastlines in children and adults. 

Due to the fact that the concentrations of Enterococci and E.coli are distributed non-parametrically on the recreational beaches of 
these two cities, the 10th, 30th, 60th, and 90th percentiles and the mean and standard deviation of daily and annual infection risk were 
determined for the concentrations of enterococci and E. coli observed in children and adults on recreational beaches (Tables 1–4). 

As shown in Tables 1 and 3, the average daily infection risk of E. coli for adults on the Babolsar and Sari coastlines was 1.93 × 10− 3 

and 2.66 × 10− 4, respectively, and the average annual infection risk was 1.81 × 10− 1 and 2.72 × 10− 2, respectively. The average risk of 
E. coli for children in Babolsar and Sari coastlines as a daily infection risk was 4.41 × 10− 3 and 6.08 × 10− 4, respectively, and the 
annual infection risk was 3.65 × 10− 1 and 6.07 × 10− 2, respectively. Table 2 shows the average risk of intestinal enterococci for adults 
and children on Babolsar coastlines. In this case, the daily infection risk was 4.30 × 10− 2 and 8.38 × 10− 2, respectively, and the annual 
infection risk was 9.86 × 10− 1 and 1, respectively. The mean risk of intestinal enterococci for adults and children in Sari beaches in 
terms of daily infection risk was 3.96 × 10− 2 and 7.24 × 10− 2, respectively, and the annual infection risk was 8.15 × 10− 1 and 9.08 ×
10− 1, respectively (Table 4). 

Figs. 1–4 depict the risk of annual pathogenicity of the 90th percentile of E.coli is 2.31 × 10− 1 for adults and 4.52 × 10− 1 for 
children who have fun on the coastline of Babolsar. Also, 4.73 × 10− 2 for adults and 1.05 × 10− 1 for children who are having fun on the 
coastline of Sari. Regarding intestinal enterococci, the risk of annual pathogenicity in the 90th percentile is 9.96 × 10− 1 for adults and 
1children who have fun on the recreational beaches of Babolsar and 9.99 × 10− 1 for adults and 1children who have fun on the beaches 
of Sari. It should be noted that the upper border shows the blue diagrams to the left of the 5th percentile, and the lower border shows 
the blue diagrams to the right of the 95th percentile. 

4. Discussion 

The Caspian Sea, renowned as the largest landlocked body of water globally, features southern shores that hold significant value as 
recreational zones for both residents and visitors. Nonetheless, the existence of harmful microorganisms in the seawater presents a 
notable hazard to the well-being of the general public. Understanding the risks associated with gastrointestinal illness in this region is 
crucial for implementing effective management strategies to protect the wellbeing of the population. The risks associated with 
gastrointestinal illness in sea water are multi-faceted. Factors such as pollution, improper waste disposal, and the presence of untreated 
sewage can contribute to the contamination of the water with pathogens. Additionally, natural phenomena such as algal blooms can 
further exacerbate the risk by altering the water quality and promoting the growth of harmful bacteria. In many parts of the world, 
E. coli and enterococci are used as indicators of water quality to indicate fecal pollution and recreational beach water quality man-
agement [33]. 

Due to the fact that E. coli and intestinal enterococci data were nonparametrically distributed on recreational beaches, MCS was 
used to investigate their changes in this study. MCS are reliable for determining E.cola and enterococci concentration variables in 
QMRA. The QMRA method is used to determine the health risk of water consumption due to the risk of water resources, recreational 
waters, and wastewater reuse [34–36]. The risk infection of enterococci is about 2–11 times higher than E. coli on these recreational 
beaches. Based on the data in Tables 1 and 3, the average annual infection risk of E. coli for children at the recreational beaches of 
Babolsar and Sari was 3.65 × 10− 1 and 6.07 × 10− 2, respectively. Meanwhile, for adults, it was 1.81 × 10− 1 and 2.72 × 10− 2, 
respectively. These findings suggest that the risk of infection is higher for children compared to adults. Rafiei et al. [37] reported in 
their study that the risk of annual infection for adults was lower than that for children. Also, the risk infection of E. coli on Babolsar 
recreational beaches is higher than Sari beaches. Because children have weaker immune systems and consume higher amounts of water 
in recreational waters, as a result of been the most sensitive and vulnerable people who are exposed to microbial contamination. For 
this reason, quantitative microbial risk assessment in recreational beach water is important to determine the unsanitary discharge of 
wastewater into these waters [38,39]. The risk associated with E. coli was evaluated by comparing it to the standards set by the World 
Health Organization (WHO) and the EPA. The risk of diarrheagenic E. coli in sewage-contaminated water was assessed by the WHO and 
EPA through evaluating the pathogen levels in human sewage or studying the occurrence of waterborne diseases. Their assessment 
indicated that the risk associated with E. coli in water contaminated with sewage ranges from 10− 5 to 10− 6, representing about 0.04 % 
of the total risk of waterborne illnesses. Based on the mean daily infection risk, the order of enterococci daily infection risk for children 
and adults is as follows: Babolsar recreational beaches (8.38 × 10− 2 and 4.30 × 10− 2) > Sari (7.24 × 10− 2 and 3.96 × 10− 2) 

Table 2 
The risk of daily and annual infection enterococci for children and adults on Babolsar recreational beaches.  

Parameter Child Adult 

DI AI DI AI 

Mean 8.38 × 10− 2 1 4.30 × 10− 2 9.86 × 10− 1 

SD 1.21 × 10− 2 1.39 × 10− 3 7.20 × 10− 3 1.40 × 10− 2 

10 % 6.82 × 10− 2 9.99 × 10− 1 3.36 × 10− 2 9.71 × 10− 1 

30 % 7.78 × 10− 2 1 3.93 × 10− 2 9.85 × 10− 1 

60 % 8.73 × 10− 2 1 4.49 × 10− 2 9.92 × 10− 1 

90 % 9.91 × 10− 2 1 5.21 × 10− 2 9.96 × 10− 1  
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recreational beaches. The annual infection risk of enterococci in Babolsar recreational beaches is the same as in Sari recreational 
beaches (Tables 2 and 4). Furthermore, when categorized by age group, the annual risk of infection from enterococci was found to 
exceed that of E. coli. The decomposition rate of E. coli is higher in seawater compared to freshwater due to its lower resistance to 
osmotic shock. E. coli requires a higher level of intracellular osmotic pressure to sustain its survival in seawater. As a result, the 
conditions in seawater lead to a faster breakdown of E. coli compared to freshwater. Consequently, the US EPA recommends using 
E. coli less frequently for monitoring beach recreational water quality. On the other hand, enterococci demonstrate greater resistance to 
osmotic shock than E. coli. As a result, a higher concentration of enterococci is utilized to assess the quality of seawater [8]. The greater 

Table 3 
The risk of daily and annual infection E. coli for children and adults on Sari recreational beaches.  

Parameter Child Adult 

DI AI DI AI 

Mean 6.08 × 10− 4 6.07 × 10− 2 2.66 × 10− 4 2.72 × 10− 2 

SD 3.55 × 10− 4 3.47 × 10− 2 1.55 × 10− 4 1.56 × 10− 2 

10 % 1.52 × 10− 4 1.57 × 10− 2 6.84 × 10− 5 7.09 × 10− 3 

30 % 4.21 × 10− 4 4.29 × 10− 2 1.85 × 10− 4 1.90 × 10− 2 

60 % 6.97 × 10− 4 7.00 × 10− 2 3.06 × 10− 4 3.13 × 10− 2 

90 % 1.06 × 10− 3 1.05 × 10− 1 4.66 × 10− 4 4.73 × 10− 2  

Table 4 
The risk of daily and annual infection enterococci for children and adults on Sari recreational beaches.  

Parameter Children Adults 

DI AI DI AI 

Mean 7.24 × 10− 2 9.08 × 10− 1 3.96 × 10− 2 8.15 × 10− 1 

SD 3.26 × 10− 2 3.04 × 10− 2 1.82 × 10− 2 1.01 × 10− 1 

10 % 3.04 × 10− 2 9.59 × 10− 1 1.25 × 10− 2 7.31 × 10− 1 

30 % 5.91 × 10− 2 9.98 × 10− 1 2.85 × 10− 2 9.50 × 10− 1 

60 % 8.37 × 10− 2 1 4.25 × 10− 2 9.89 × 10− 1 

90 % 1.10 × 10− 1 1 5.90 × 10− 2 9.99 × 10− 1  

Fig. 1. The risk of daily and annual infection E.coli for adults ingested coastal water on Babolsar (A and B) and Sari (C and D) recreational beaches.  
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Fig. 2. The risk of daily and annual infection E.coli for Children ingested coastal water on Babolsar (A and B) and Sari (C and D) recrea-
tional beaches. 

Fig. 3. The risk of daily and annual infection enterococci for adults ingested coastal water on Babolsar (A and B) and Sari (C and D) recrea-
tional beaches. 
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risk of pollution on the recreational beaches of Babolsar is due to the discharge of agricultural and municipal wastewater into the sea. 
In studies conducted by Hamilton et al. and Boehm et al. conducted in recreational waters in Avalon Bay, California, the concentration 
of E.cola was high, and they stated that the main reason was the entry of unsanitary sewage into these recreational beaches water [40, 
41]. Many studies have found that heavy rainfall and the discharge of municipal and agricultural wastewater into the coastal oceans 
transport large amounts of pathogenic microorganisms to recreational waters in those areas [42,43]. One of the effective solutions and 
control strategies to reduce the entry of runoff and sewage to recreational beaches is to use low-flow diversions and wetland estab-
lishments and also improve wastewater treatment systems [44]. The main cause of fecal contamination in Iran recreational beaches is 
the uncontrolled release of human sewage and agricultural runoff. It is advised that following heavy rainfall causing an increase in 
fecal contamination in recreational waters, for the sake of public health, swimming should be temporarily halted at beaches with 
moderate risk levels. However, contact with recreational waters reveals a variety of reports of skin, eye, and hearing problems. We can 
also use this data to assess the risks of water-borne pathogens of non-fecal origin. In the current situation, such risk assessment is 
limited due to the shortage of dose-response information [45]. 

In the current study, the main limitations included 1- For future research, it is advisable to utilize indicator organisms in risk 
assessment that accurately represent the actual risks associated with various enteric pathogens, including viruses or protozoa. 2- 
Samples were also collected in months when swimming is less common, potentially indicating a lower correlation with recreational 
water exposure compared to the swimming season. 3- One major drawback of this study is the inability to categorize risk levels for 
different genders and age groups prone to different diseases, which prevented the opportunity to perform a sensitivity analysis. 

5. Conclusions 

This research was conducted to evaluate the health risks of recreational swimming pools on the recreational beaches of two cities 
on the southern coasts of the Caspian Sea using QMRA. QMRA is an effective tool that has a high ability to estimate and predict the 
probability of infection and disease in human communities exposed to water with pathogenic microorganisms. The QMRA results 
provide information on the quality of recreational waters and health hazards in the study population. Also, the results retrieved from 
the potential risk assessment for the recreational beaches can be used as a guideline for recreational water management in Iran. The 
risk of daily and annual infections for recreational swimmers on the coast of Babolsar (southwest of the Caspian Sea) is higher than that 
for the coast of Sari (southeast of the Caspian Sea). Accordingly, environmental management and public health improvement solutions 
should be implemented at medium-risk recreational beaches. 

Fig. 4. The risk of daily and annual infection enterococci for Children ingested coastal water on Babolsar (A and B) and Sari (C and D) recrea-
tional beaches. 
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[33] B. Schippmann, G. Schernewski, U. Gräwe, Escherichia coli pollution in a Baltic Sea lagoon: a model-based source and spatial risk assessment, Int. J. Hyg 

Environ. Health 216 (4) (2013) 408–420. 
[34] L. Zhou, S. Echigo, Y. Ohkouchi, S. Itoh, Quantitative microbial risk assessment of drinking water treated with advanced water treatment process, J. Water 

Supply Res. Technol. - Aqua 63 (2) (2014) 114–123. 
[35] F.E. Eregno, I. Tryland, T. Tjomsland, M. Myrmel, L. Robertson, A. Heistad, Quantitative microbial risk assessment combined with hydrodynamic modelling to 

estimate the public health risk associated with bathing after rainfall events, Sci. Total Environ. 548 (2016) 270–279. 
[36] Owusu-Ansah Ed-Gj, A. Sampson, S.K. Amponsah, R.C. Abaidoo, A. Dalsgaard, T. Hald, Probabilistic quantitative microbial risk assessment model of norovirus 

from wastewater irrigated vegetables in Ghana using genome copies and fecal indicator ratio conversion for estimating exposure dose, Sci. Total Environ. 601 
(2017) 1712–1719. 

[37] M. Rafiee, S.A. Hosseini, F. Gholami-Borujeni, M. Hesami Arani, H. Niknejad, Health risk assessment of swimming beaches microbial contamination: a case 
study-Mahmoudabad, Iran, Int. J. Environ. Health Res. (2022) 1–12. 

[38] T.J. Wade, R.L. Calderon, K.P. Brenner, E. Sams, M. Beach, R. Haugland, et al., High sensitivity of children to swimming-associated gastrointestinal illness: 
results using a rapid assay of recreational water quality, Epidemiology (2008) 375–383. 

[39] T.J. Wade, E. Sams, K.P. Brenner, R. Haugland, E. Chern, M. Beach, et al., Rapidly measured indicators of recreational water quality and swimming-associated 
illness at marine beaches: a prospective cohort study, Environ. Health 9 (1) (2010) 1–14. 

[40] M.J. Hamilton, A.Z. Hadi, J.F. Griffith, S. Ishii, M.J. Sadowsky, Large scale analysis of virulence genes in Escherichia coli strains isolated from Avalon Bay, CA, 
Water Res. 44 (18) (2010) 5463–5473. 

[41] A.B. Boehm, J.A. Fuhrman, R.D. Mrše, S.B. Grant, Tiered approach for identification of a human fecal pollution source at a recreational beach: case study at 
Avalon Bay, Catalina Island, California, Environ. Sci. Technol. 37 (4) (2003) 673–680. 

[42] B.-M. Hsu, Y.-L. Huang, Intensive water quality monitoring in a Taiwan bathing beach, Environ. Monit. Assess. 144 (2008) 463–468. 
[43] L.Y. Tseng, S.C. Jiang, Comparison of recreational health risks associated with surfing and swimming in dry weather and post-storm conditions at Southern 

California beaches using quantitative microbial risk assessment (QMRA), Mar. Pollut. Bull. 64 (5) (2012) 912–918. 
[44] J.H. Dorsey, Improving water quality through California’s Clean Beach Initiative: an assessment of 17 projects, Environ. Monit. Assess. 166 (2010) 95–111. 
[45] F. Schets, A.D.R. Husman, A. Havelaar, Disease outbreaks associated with untreated recreational water use, Epidemiol. Infect. 139 (7) (2011) 1114–1125. 

H. Niknejad et al.                                                                                                                                                                                                      

http://refhub.elsevier.com/S2405-8440(24)06005-5/sref22
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref23
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref23
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref24
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref24
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref25
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref25
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref26
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref26
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref27
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref28
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref28
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref29
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref29
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref30
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref30
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref31
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref31
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref32
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref32
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref33
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref33
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref34
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref34
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref35
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref35
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref36
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref36
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref36
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref37
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref37
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref38
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref38
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref39
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref39
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref40
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref40
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref41
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref41
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref42
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref43
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref43
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref44
http://refhub.elsevier.com/S2405-8440(24)06005-5/sref45

	Quantitative microbial risk assessment of gastrointestinal illness due to recreational exposure to E. coli and enterococci  ...
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Analysis of fecal indicators
	2.2.1 Sample collection
	2.2.2 Sample preparation
	2.2.3 Sample analysis

	2.3 Quantitative microbial risk assessment (QMRA)
	2.4 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusions
	Ethical issues
	Data availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


